Three-dimensional elastic deformation of a functionally graded coating/substrate system  by Kashtalyan, M. & Menshykova, M.
International Journal of Solids and Structures 44 (2007) 5272–5288
www.elsevier.com/locate/ijsolstrThree-dimensional elastic deformation of a functionally
graded coating/substrate system
M. Kashtalyan *, M. Menshykova 1
Centre for Micro- and Nanomechanics, School of Engineering and Physical Sciences, University of Aberdeen, Aberdeen, AB24 3UE, UK
Received 10 October 2006; received in revised form 12 December 2006; accepted 27 December 2006
Available online 31 December 2006Abstract
The concept of functionally graded material (FGM) is actively explored in coating design for the purpose of eliminating
the mismatch of material properties at the coating/substrate interface, typical for conventional coatings, which can lead to
cracking, debonding and eventual functional failure of the coating. In this paper, an FGM coating/substrate system of
ﬁnite thickness subjected to transverse loading is analysed within the context of three-dimensional elasticity theory. The
Young’s modulus of the coating is assumed to vary exponentially through the thickness, and the Poisson’s ratio is assumed
to be constant. A comparative study of FGM versus homogeneous coating is conducted, and the dependence of stress and
displacement ﬁelds in the coating substrate/system on the type of coating, geometry and loading is examined and discussed.
 2007 Elsevier Ltd. All rights reserved.
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Coatings play an important role in a variety of applications protecting metallic or ceramic substrates
against oxidation, heat penetration, wear and corrosion (Grainger and Blunt, 1998). Conventional coatings
usually consist of one or two homogeneous layers deposited on a substrate. Due to the mismatch of thermo-
mechanical properties between the coating and the substrate, conventional coatings are susceptible to cracking
and debonding. To overcome this disadvantage and increase resistance of coatings to functional failure, the
concept of functionally graded material (FGM) is being actively explored in coating design. FGM refers to
heterogeneous composite material with gradient compositional variation of the constituents from one surface
of the material to the other which results in continuously varying material properties (Koizumi, 1993; Suresh
and Mortensen, 1998; Miyamoto et al., 1999). Currently, a number of approaches to generate FGM coatings
for speciﬁc applications and/or loading conditions are being developed by materials scientists (Brovarone
et al., 2001; Schulz et al., 2003; Yakovlev et al., 2004; Kim et al., 2005; Foppiano et al., 2006).0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2006.12.035
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behaviour (Erdogan and Ozturk, 1995; Chen and Erdogan, 1996; Jin and Batra, 1996; Bao and Cai, 1997;
Kadioglu et al., 1998; Huang et al., 2002; Chiu and Erdogan, 2003; Chi and Chung, 2003; Guo et al.,
2004a; Choi, 2004; Huang et al., 2005). Several researches have addressed contact response of FGM coatings.
Saizonou et al. (2002) carried out a numerical study (by boundary element method) of an FGM-coated elastic
solid under normal and sliding contact loading. Guler and Erdogan (2004, 2006) investigated behaviour of
FGM-coated solid under sliding contact loading provided by a sliding rigid stamp and contact of two
FGM-coated elastic solids. Exponential variation of the Young’s modulus of the coating was adopted in both
cases. Shodja and Ghahremaninejad (2006) examined an FGM-coated elastic solid under thermomechanical
loading due to mixed normal and tangential Hertzian pressure. Thermomechanical properties were assumed to
vary exponentially through the thickness. It should be noted that in all the above studies the thickness of the
substrate was assumed to be inﬁnite, and the investigations were carried out in the context of two-dimensional
elasticity.
For coating/substrate systems of ﬁnite thickness, Shbeeb and Binienda (1999) analysed interfacial fracture
of a coating/substrate system with an FGM interphase; stress intensity factors and strain energy release rate
for a crack at the interphase/substrate interface were calculated. Using the higher-order theory for FGMs,
Pindera et al. (2002, 2005) examined fracture mechanisms in thermal barrier coatings with functionally graded
bond coats under uniform cyclic thermal loading. Interfacial fracture of an FGM coating/substrate system
subjected to concentrated transverse loading was studied by Guo et al. (2004b). Wang et al. (2005) carried
out fracture analysis of an FGM-coated strip with a crack in the coating. To calculate stress intensity factors,
the FGM coating was modelled as multi-layered medium, with elastic modulus varying linearly within each
sub-layer, so that they are continuous on the sub-interfaces. Liew et al. (2006) investigated linear and non-lin-
ear vibrations of a coating/substrate system with an FGM interlayer. Again, all the above investigations were
carried out in the context of two-dimensional elasticity theory.
In the present paper, a functionally graded coating/substrate system of ﬁnite thickness subjected to trans-
verse loading is analysed within the context of three-dimensional elasticity theory. The Young’s modulus of
the coating is assumed to vary exponentially through the thickness, and the Poisson’s ratio is assumed to
be constant. The analysis employs the three-dimensional elasticity solution for a functionally graded rectan-
gular plate, recently developed by Kashtalyan (2004). Comparative study of FGM versus homogeneous coat-
ing is conducted. Dependence of stress and displacement ﬁelds in the coating/substrate system on the coating
type, geometry and loading is examined and discussed.
2. Problem formulation
A coating/substrate system of length a, width b and total thickness h is referred to a Cartesian co-ordinate
system xyz (Fig. 1), so that 0 6 x 6 a, 0 6 y 6 b, 0 6 z 6 h. The substrate S has thickness h(1)(0 6 z 6 h(1)),x  
z  y  
),( yxQ
C
S
 
)1(h  
Fig. 1. Coating/substrate system under transverse loading.
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strate and the coating will be denoted with the superscripts (1) and (2), respectively. Let us assume that both
the substrate and the coating are FGMs, with constant Poisson’s ratios m(1) = const and m(2) = const.
The Young’s and shear moduli of the substrate and the coating are assumed to change continuously
through the thickness, and the shear moduli are assumed to be exponential functions of the thickness in
the formGðkÞðzÞ ¼ gðkÞ exp cðkÞ z
h
 1
 h i
; k ¼ 1; 2 ð1Þwhere c(k) are the inhomogeneity parameters, and g(k) = G(k)(h). The exponential variation of material prop-
erties with transverse co-ordinate was used by a number of researchers investigating functionally graded coat-
ings, including Jin and Batra (1996); Chiu and Erdogan (2003); Guler and Erdogan (2004, 2006) and Shodja
and Ghahremaninejad (2006).
The coating and the substrate are assumed to be perfectly bonded, so that continuity of stresses and dis-
placements exists at the coating/substrate interface, i.e.z ¼ hð1Þ : rð1Þiz  rð2Þiz ¼ 0; uð1Þi  uð2Þi ¼ 0; i ¼ x; y; z ð2Þ
where rðkÞij ðk ¼ 1; 2Þ are the components of the stress tensor, and uðkÞi ðk ¼ 1; 2Þ are the components of the dis-
placement vector.
The coating/substrate system is subjected to transverse loading Q on the top surface of the coating, so thatz ¼ h : rð2Þzz ¼ Qðx; yÞ; rð2Þxz ¼ rð2Þyz ¼ 0 ð3aÞ
Qðx; yÞ ¼ qmn sin
pmx
a
sin
pny
b
ð3bÞwhere qmn is the intensity of the loading at the centre of the plate, and m and n are wave numbers. The choice
of loading, Eq. (3b), is motivated by its practical signiﬁcance, since any loading can be expressed as a Fourier
series involving terms of this type. The bottom surface of the substrate is assumed to be load-free, i.e.z ¼ 0 : rð1Þzz ¼ rð1Þxz ¼ rð1Þyz ¼ 0 ð4Þ
The Navier-type boundary conditions are assumed at the edges, so thatx ¼ 0; a : rðkÞxx ¼ 0; uðkÞy ¼ uðkÞz ¼ 0; k ¼ 1; 2 ð5aÞ
y ¼ 0; b : rðkÞyy ¼ 0; uðkÞx ¼ uðkÞz ¼ 0; k ¼ 1; 2 ð5bÞThe above boundary conditions, also known as Navier-type boundary conditions, have been widely used
over the last three decades by researchers investigating thick plates in the context of three-dimensional elas-
ticity theory, most recently by Gigliotti et al. (2007), but also by Liu (2000); Wu and Wardenier (1998);
Fan and Ye (1990a,b); Wittrick (1987), and Srinivas and Rao (1970). The boundary conditions, Eq. (5) are
representative of roller supports and analogous to simply supported edges in the plate theories.
3. Solution
For an inhomogeneous isotropic material with the shear modulus G = G(z) and the Poisson’s ratio m = m(z)
that depend on the transverse co-ordinate z only, Plevako (1971) derived three-dimensional equations of equi-
librium in terms of displacements and developed general solutions to them. He showed that the displacements
can always be expressed in terms of two functions which satisfy the second and the fourth order linear partial
diﬀerential equations, respectively.
If the Poisson’s ratios are constant, the displacements in the substrate and the coating can be expressed in
terms of two functions, denoted L(k) = L(k)(x,y,z) and N(k) = N(k)(x,y,z)(k = 1,2), as followsuðkÞx ¼ 
1
2GðkÞ
mðkÞD o
2
oz2
 
oLðkÞ
ox
þ oN
ðkÞ
oy
ð6aÞ
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1
2GðkÞ
mðkÞD o
2
oz2
 
oLðkÞ
oy
 oN
ðkÞ
ox
ð6bÞ
uðkÞz ¼ 
1
GðkÞ
D o
2
oz2
 
oLðkÞ
oz
þ o
oz
1
2GðkÞ
mðkÞD o
2
oz2
 
LðkÞ
 
; k ¼ 1; 2 ð6cÞFrom Eq. (6) and the constitutive equations for an isotropic inhomogeneous material (see Appendix A), the
components of the stress tensor can be expressed in terms of functions L(k) and N(k) asrðkÞzz ¼
o2
ox2
þ o
2
oy2
 2
LðkÞ ð7aÞ
rðkÞxz ¼ 
o2
ox2
þ o
2
oy2
 
o2LðkÞ
oxoz
þ GðkÞ o
2N ðkÞ
oyoz
ð7bÞ
rðkÞyz ¼ 
o2
ox2
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2
oy2
 
o2LðkÞ
oyoz
 GðkÞ o
2N ðkÞ
oxoz
ð7cÞ
rðkÞxx ¼ mðkÞ
o2
oy2
Dþ o
4
ox2oz2
 
LðkÞ þ 2GðkÞ o
2N ðkÞ
oxoy
ð7dÞ
rðkÞyy ¼ mðkÞ
o2
ox2
Dþ o
4
oy2oz2
 
LðkÞ  2GðkÞ o
2N ðkÞ
oxoy
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rðkÞxy ¼  mðkÞD
o2
oz2
 
o2LðkÞ
oxoy
 GðkÞ o
2
ox2
 o
2
oy2
 
N ðkÞ; k ¼ 1; 2 ð7fÞFunctions L(k) = L(k)(x,y,z) and N(k) = N(k)(x,y,z) in Eqs. (6) and (7) must satisfy the following partial dif-
ferential equationsD
1
GðkÞ
DLðkÞ
 
 1
1 mðkÞ D
o2
oz2
 
LðkÞ
d2
dz2
1
GðkÞ
 
¼ 0 ð8aÞ
DN ðkÞ þ d
dz
lnGðkÞðzÞ oN
ðkÞ
oz
¼ 0 ð8bÞIt was shown by Plevako (1971) that if functions L(k) and N(k) allow separation of variables in the formLðkÞðx; y; zÞ ¼ wðkÞ1 ðx; yÞ/ðkÞ1 ðzÞ; N ðkÞðx; y; zÞ ¼ wðkÞ2 ðx; yÞ/ðkÞ2 ðzÞ ð9Þ
then Eqs. (8a) and (8b) can be transformed into the Helmholz’s equation for functions wðkÞ1 ðx; yÞ and wðkÞ2 ðx; yÞ,
and the forth- and the second-order ordinary diﬀerential equations for functions /ðkÞ1 ðzÞ and /ðkÞ2 ðzÞ.
The form of functions wðkÞ1 ðx; yÞ and wðkÞ2 ðx; yÞ is inﬂuenced by the applied load and the boundary conditions
on the edges of the plate. For sinusoidal loading, Eq. (3b), and Navier-type boundary on the edges, Eqs. (5a)
and (5b), they can be chosen as (Kashtalyan, 2004)wðkÞ1 ðx; yÞ ¼ sin
pmx
a
sin
pny
b
;wðkÞ2 ðx; yÞ ¼ cos
pmx
a
cos
pny
b
; k ¼ 1; 2 ð10ÞThen boundary conditions on the edge, Eqs. (5a) and (5b) are satisﬁed exactly for any numbers n,m. The
form of functions /ðkÞ1 ðzÞ and /ðkÞ2 ðzÞ depends on the functional variation of the shear moduli G(k) = G(k)(z).
When the shear moduli G(k) = G(k)(z) of the substrate (k = 1) and the coating (k = 2) are exponential func-
tions of the thickness co-ordinate in the form of Eq. (1), then Eqs. (8a) and (8b) are reduced to the follow-
ing ordinary diﬀerential equations with constant coeﬃcients (Kashtalyan, 2004) with respect to functions
/ðkÞ1 ðzÞ and /ðkÞ2 ðzÞ
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dz4
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dz3
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dz2
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2
dz
 a2h2/ðkÞ2 ¼ 0; ð11bÞHere, a is a coeﬃcient of the Helmholz’s equationa ¼ p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m
a
 2
þ n
b
 2r
ð12ÞFollowing standard procedure, solutions to Eqs. (11a) and (11b) are found as/ðkÞ1 ðzÞ ¼ h4 exp
cðkÞz
2h
 
AðkÞ1 cosh
kðkÞz
h
cos
lðkÞz
h
þ AðkÞ2 sinh
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h
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lðkÞz
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"
þAðkÞ3 cosh
kðkÞz
h
sin
lðkÞz
h
þ AðkÞ4 sinh
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h
sin
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#
ð13aÞ
/ðkÞ2 ðzÞ ¼ h2 exp 
cðkÞz
2h
 
AðkÞ5 cosh
bðkÞz
h
þ AðkÞ6 sinh
bðkÞz
h
" #
ð13bÞHere, AðkÞj ðj ¼ 1; . . . 6; k ¼ 1; 2Þ are 12 arbitrary constants that can be determined from the stress and dis-
placement continuity conditions at the substrate/coating interface, Eq. (2), and the boundary conditions on
the top and bottom surfaces of the coating/substrate system, Eqs. (3) and (4). Coeﬃcients k(k) and l(k), and
b(k), are the roots of characteristic equations corresponding to Eqs. (11a) and (11b), respectively. Expressions
for them are given in Appendix B.
Substitution of functions wðkÞ1 ðx; yÞ and wðkÞ2 ðx; yÞ, Eq. (10), and functions /ðkÞ1 ðzÞ and /ðkÞ2 ðzÞ, Eqs. (13a) and
(13b), into Eq. (9) and then into Eqs. (6) and (7) gives the following expressions for displacements and stresses
in a functionally graded coating/substrate system of ﬁnite thickness under transverse sinusoidal loading with
exponential dependences of the shear moduli on the thickness co-ordinateuðkÞx ¼
X6
j¼1
AðkÞj U
ðkÞ
x;j ðzÞ cos
pmx
a
sin
pny
b
ð14aÞ
uðkÞy ¼
X6
j¼1
AðkÞj U
ðkÞ
y;j ðzÞ sin
pmx
a
cos
pny
b
ð14bÞ
uðkÞz ¼
X6
j¼1
AðkÞj U
ðkÞ
z;j ðzÞ sin
pmx
a
sin
pny
b
ð14cÞ
rðkÞzz ¼
X6
j¼1
AðkÞj P
ðkÞ
zz;jðzÞ sin
pmx
a
sin
pny
b
ð15aÞ
rðkÞxz ¼
X6
j¼1
AðkÞj P
ðkÞ
xz;jðzÞ cos
pmx
a
sin
pny
b
ð15bÞ
rðkÞyz ¼
X6
j¼1
AðkÞj P
ðkÞ
yz;jðzÞ sin
pmx
a
cos
pny
b
ð15cÞ
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xx;jðzÞ sin
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a
sin
pny
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ð15dÞ
rðkÞyy ¼
X6
j¼1
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ðkÞ
yy;jðzÞ sin
pmx
a
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ð15eÞ
rðkÞxy ¼
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ðkÞ
xy;jðzÞ cos
pmx
a
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b
ð15fÞFunctions U ðkÞi;j and P
ðkÞ
rt;j are speciﬁed in Appendix C.4. Results and discussion
In this section, a comparative study of two coating/substrate systems of ﬁnite thickness is presented. The
ﬁrst system, henceforth referred to as the HC system, has a homogeneous substrate with the shear modulus
Gð1ÞHC ¼ const, and a homogeneous coating with the shear modulus Gð2ÞHC ¼ const. The second system, hence-
forth referred to as the FGMC system, has a homogeneous substrate, with the same shear modulus as in
the HC system, i.e. Gð1ÞFGMC ¼ Gð1ÞHC. The coating in the FGMC system is functionally graded, with the shear
modulus Gð2ÞFGMC that varies exponentially from G
ð1Þ
HC to G
ð2Þ
HC according to Eq. (1). Variation of the shear moduli
through the thickness in the two systems is shown in Fig. 2. It simulates an important, from the engineering
point of view, case of a soft substrate protected by a much stiﬀer coating.
The homogeneous substrates in the HC and FGMC systems and the coating in the HC system are treated
as functionally graded materials with the inhomogeneity parameters, c(k), suﬃciently close to zero. It was
shown by Kashtalyan (2004) that as the inhomogeneity parameter becomes smaller, the three-dimensional
solution for an FGM rapidly converges to that for a homogeneous material. For example, for suﬃciently
small values of the inhomogeneity parameter (smaller than 105 by the absolute value), the diﬀerence between
the computed out-of-plane displacements in functionally graded and homogeneous plates constituted less than
0.03% (Kashtalyan, 2004; Chernopiskii, 2006).
The inhomogeneity parameter of the coating of the FGMC system, cð2ÞFGMC, can be expressed in terms of the
stiﬀness gradient d(2), i.e. the ratio between the shear moduli values at the top and bottom surfaces of the coat-
ing, ascð2ÞFGMC ¼
h
hð2Þ
ln dð2Þ; dð2Þ ¼ G
ð2Þ
HC
Gð1ÞHC
ð16Þig. 2. Through-thickness variation of the shear moduli in two coating/substate systems: (a) HC system; (b) FGMC system.
Fig. 3. Through-thickness variation of the normalised out-of-plane normal stress rzzð0:5a; 0:5b; zÞ in HC and FGMC systems: (a) n1 = 0.1;
(b) n1 = 0.33; (c) n1 = 0.8.
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Fig. 4. Through-thickness variation of the normalised transverse shear stress rxzð0; 0:5b; zÞ in HC and FGMC systems: (a) n1 = 0.1; (b)
n1 = 0.33; (c) n1 = 0.8.
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Fig. 5. Through-thickness variation of the normalised in-plane normal stress rxxð0:5a; 0:5b; zÞ in HC and FGMC systems: (a) n1 = 0.1; (b)
n1 = 0.33; (c) n1 = 0.8.
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Fig. 6. Through-thickness variation of the normalised in-plane shear stress rxyð0; 0; zÞ in HC and FGMC systems: (a) n1 = 0.1; (b)
n1 = 0.33; (c) n1 = 0.8.
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5282 M. Kashtalyan, M. Menshykova / International Journal of Solids and Structures 44 (2007) 5272–5288In this study, the stiﬀness gradient is taken as d(2) = 10 (stiﬀ coating, soft substrate), and the thickness of the
coating is h(2) = 0.1h. The chosen value of d(2) does not necessarily represent a certain material, but is rather
used to establish the eﬀect of the coating type (homogeneous or graded) on the stress and displacement ﬁelds
in the coating/substrate system. The Poisson’s ratios for both systems are taken as m(1) = m(2) = 0.3.Fig. 7. Through-thickness variation of the normalised in-plane displacement ux (0,0.5b,z) in HC and FGMC systems: (a) n1 = 0.1; (b)
n1 = 0.33; (c) n1 = 0.8.
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c(k), stresses and displacements in a coating/substrate system depend on two dimensionless parameters, n1 ¼ mha
and n2 ¼ nhb , which characterise the geometry of the system and the applied load along x and y co-ordinateFig. 8. Through-thickness variation of the normalised transverse displacement uz(0.5a,0.5b,z) in HC and FGMC systems: (a) n1 = 0.1; (b)
n1 = 0.33; (c) n1 = 0.8.
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thinner plate under short-wave loading.
Figs. 3–8 show through-thickness variation of the normalised stresses rij ¼ rij=qmn and normalised displace-
ments ui ¼ G
ð2Þ
HC
ui
qmnh
in HC and FGMC systems for three diﬀerent values of n1 assuming n1 = n2.
For the out-of-plane normal stress rzz, through-thickness variation is similar for all considered values of n1
(Fig. 3a–c). The type of the coating (graded or homogeneous), and the loading and geometry of the system,
has almost no eﬀect on this stress component.
Through-thickness variation of the transverse shear stress rxz in the FGMC system (Fig. 4a–c) is close to
parabolic proﬁle, typical for homogeneous plates, for all considered values of n1. It worth pointing out that in
the HC system with n1 = 0.8 the transverse shear stress rxz has a peak in the coating (Fig. 4c), which is elim-
inated when a homogeneous coating is replaced with a graded one.
The type of the coating has a very strong inﬂuence on the through-thickness variation of the in-plane nor-
mal stress rxx (Fig. 5a–c). In contrast to the HC system, the in-plane normal stress in the FGMC systems is
always continuous across the coating/substrate interface. However, this is achieved at the expense of the
increase of the stress magnitude at the top surface of the coating. For example, for n1 = 0.1 (Fig. 5a), the
increase is almost twofold. In the same time, while for n1 = 0.1 the in-plane normal stress rxx in the homoge-
neous coating is compressive, in the graded coating it has to change from compressive at the top surface to
tensile at the interface in order to match the value of stress in the substrate (Fig. 5b). For n1 = 0.8, quite
the opposite happens. While in the homogeneous coating the in-plane normal stress rxx changes from compres-
sive at the top surface to tensile at the interface, in the FGM coating it becomes compressive throughout the
FGM coating (Fig. 5c). Also, for higher values of the dimensionless parameter n1, variation of stress through
the thickness becomes non-linear.
Similar observations can be made about the in-plane shear stress rxy (Fig. 6a–c). Through-thickness vari-
ation of the in-plane shear stress rxy is strongly inﬂuenced by the type of the coating. In the FGMC system, as
opposed to the HC one, the in-plane shear stress is always continuous across the coating/substrate interface,
yet this is achieved at the expense of an increase in the stress magnitude at the top surface. For n1 = 0.1
(Fig. 6a), the increase is almost twofold. The absolute value of the in-plane shear stress rxy in the FGMC sys-
tem at the coating/substrate interface is always smaller than in the HC system.
Through-thickness variation of the in-plane displacement ux in the FGMC and HC systems changes from
linear or close to linear for small values of n1 (Fig. 7a and b) to highly non-linear as n1 increases (Fig. 7c).
For small values of n1, the transverse displacement uz of the two systems is almost constant through the
thickness (Fig. 8a) and similar to that of a homogeneous plate without a coating, which agrees well with
the assumption of constant deﬂection made in various plate theories. However, the type of the coating signif-
icantly aﬀects the magnitude of uz. In the FGMC system, the magnitude at the top surface of the coating,
which is also the maximum absolute value of uz for the whole system, is by more than 30% higher than the
corresponding value for the HC system, due to some loss of ﬂexural stiﬀness provided by the coating
(Fig. 8a). For higher values of n1 > 0.33 (Fig. 8b and c), variation of the transverse displacement through
the thickness becomes highly non-linear. For n1 = 0.33, the maximum absolute value of the uz is reached at
the coating/substrate interface (Fig. 8b), while for n1 = 0.8 it is reached at the top surface of the coating
(Fig. 8c). This emphasizes once again the necessity of 3-D type analysis over those using plate theory
assumptions.5. Conclusions
In the present paper, elastic deformation of the functionally graded coating/substrate system of ﬁnite
thickness is investigated in the context of three-dimensional elasticity theory. The Young’s modulus of
the coating is assumed to vary exponentially through the thickness, and the Poisson’s ratio is assumed
to be constant. The approach makes use of the general solution of the equilibrium equations for inho-
mogeneous isotropic media obtained earlier by Plevako (1971) and its recent application to functionally
graded plates with exponential variation of the Young’s modulus through the thickness by Kashtalyan
(2004).
M. Kashtalyan, M. Menshykova / International Journal of Solids and Structures 44 (2007) 5272–5288 5285Comparative study of two coating/substrate systems, one with a homogeneous coating and the other with
a functionally graded one, revealed the eﬀect of stiﬀness gradient in the coating on stresses and displace-
ments in the system. Use of the functionally graded coating eliminates discontinuity of the in-plane normal
stress across the coating/substrate. Also, for higher values of the dimensionless parameter that characterises
geometry of the system and the applied loading, the in-plane normal stress can become compressive
throughout the FGM coating, and the transverse shear stress can vary smoothly and have no peak in
the coating.Acknowledgements
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